Figure 1. Phylogenetic Comparison
(A) Sequence alignment of bacterial L10 proteins and of hmaL10E, yeast P0, and human P0 proteins. Secondary-structure elements of tmaL10 and hmaL10E, as revealed in the present crystal structures, are indicated below each block (black and gray, respectively). Sequence numberings below the blocks correspond to tmaL10 and hmaL10E, respectively. Within the bacterial L10 sequences, highly conserved amino acids of the stalk seen in cryo-EM reconstructions and with port a rigid arrangement of the three L12 NTD dimers on helix α8 independent of the crystal environment. functional studies, we propose a structural model of the stalk that explains its roles in translation.
In the three crystal structures, helix α8-(L12 NTD ) 6 is positioned differently relative to the L10 NTD ( Figure  2B ), which can be described as rotations around a pivot Results point at the beginning of an unstructured loop connecting the L10 NTD and helix α8 ( Figure 2C ). The structures Structure of the L10-L12 NTD Complex seem to be stabilized by the formation of different sets Since the flexible hinge region in L12 may hamper the of salt bridges between helix α8 and the L10 NTD and production of high-quality crystals, we coexpressed between the L12 NTD dimers and the L10 NTD (Figure full-length tmaL10 and the NTD of tmaL12 (residues 2D). These salt bridges surround hydrophobic interac-M1-G30; L12 NTD ). The proteins were copurified, and tions, by which a convex surface area on the first helix structures at 1.9, 2.1, and 2.3 Å resolution from three α8-L12 NTD dimer element is inserted into a concave different crystal forms were obtained using the multiple surface area of the L10 NTD ( Figure 2E ). These results anomalous diffraction (MAD) strategy (see Table S1 and indicate that the C-terminal helix of L10 bearing L12 is Figure S1 in the Supplemental Data available with this flexibly connected to the L10 NTD. article online). In all three crystal structures, one molecule of L10 was complexed with six copies of L12 NTD , the latter in the form of three dimers.
Stoichiometry of Stalk Proteins
The 6:1 (L12:L10) stoichiometry was unexpected be-L10 comprises an α/β domain at the N terminus (Figures 1B and 2A) . A long C-terminal helix (α8, K137-cause a 4:1 ratio has been found in E. coli (Subramanian, 1975) . However, sequence comparisons show that K174) protruding from this domain is kinked twice, at residues P151 and G161, dividing it into three ten-resihelix α8 in ecoL10 is missing one of the ten-residue L12 binding sections compared to T. maritima ( Figure 1A ), due segments ( Figure 1A ). Each segment associates with one L12 NTD dimer through a five-helix bundle (Fig- consistent with the notion that it can only accommodate two L12 dimers. In contrast, other bacteria exhibit ures 2A and 3A). Thus, the L10-L12 interaction region is characterized by repetition of three almost identical a length and partitioning in L10 helix α8 similar to that in T. maritima and are expected to maintain a L10-(L12) 6 helix α8-L12 NTD dimer elements.
Within each dimer, the two L12 NTD molecules are encomplex ( Figure 1A ). In order to confirm the L12 copy number in T. maritima, we produced a recombinant fulltangled in an antiparallel fashion by extensive hydrophobic contacts. An identical arrangement of L12 length tmaL10-L12 complex. Multiangle laser light scattering indicated a molecular mass of 101 ± 2 kDa for molecules has previously been observed in the crystal structure of isolated tmaL12 (Wahl et al., 2000) and subthis complex, in excellent agreement with the predicted mass of 102.6 kDa for a L10-(L12) 6 complex (Table S2) . sequently in ecoL12 in solution (Bocharov et al., 2004) ( Figure 3A and Figure S2 ). In the tmaL12 crystal struc-A recombinant full-length ecoL10-L12 complex showed a mass of 68 ± 2 kDa, as compared to 66.8 kDa preture (Wahl et al., 2000) the hinge region of one L12 molecule folds back as an α helix onto the two entandicted for a L10-(L12) 4 composition. We also quantified the amounts of L12 on the ribosomes from T. maritima gled NTDs. In the L10-(L12 NTD ) 6 complex, this hinge helix is replaced by the ten-residue segments of L10 helix and E. coli by immunoblots. As expected, E. coli ribosomes contained four copies of L12. In contrast, T. mar-α8 ( Figure 3A) . itima ribosomes contained six copies of the protein (Table S2; Figure S3 ). Thus, the length and sequence of L10-L12 Interaction L10 helix α8 determines the number of L12 copies per The interfaces of the L12 NTD dimers with L10 bury ribosome. Except for the deletion of one of the three about 1500 Å 2 of combined surface area each. About repetitive elements in helix α8-L12 NTD , the high degree 80% of the interface residues are hydrophobic (Figure of overall sequence conservation ( Figure 1A ) suggests 3B). Shape complementarity and electrostatic interacthat the L10-L12 complex of E. coli ribosomes closely tions at the periphery, such as salt bridges, hydrogen resembles the L10-L12 complex of T. maritima. bonds, and bridging water molecules, register the L12 NTD dimers on L10 helix α8 ( Figure 3C ). Loops of adjacent L12 NTD dimers face each other and engage in Conserved Mode of L10 Ortholog Binding to rRNA and L11 four backbone-to-backbone hydrogen bonds via residues E11, L13, V15, and S16. Turns of L10 helix α8, An important question is how the L10-L12 complex is situated on the 50S ribosomal subunit. Using a density which fall at the border of two adjacent L12 NTD dimers, are pried apart by interdimer contacts, leading to the modification procedure and published structure factors for the 50S subunit from H. marismortui (PDB ID code two kinks of helix α8. The interdimer interactions supare colored red, intermediately conserved positions yellow. In the L10E/P0 block, identical residues are shown in dark blue, conserved residues in orange. Residues of hmaL10E that interact directly with 23S rRNA are labeled with a magenta triangle. Residues that contact protein L11 are labeled with a brown triangle. The three segments of helix α8 in tmaL10 that associate with L12 NTD dimers are indicated by different shades of green. Above this element, arrows indicate hydrophobic residues of L10 that stack with the F29 side chains from the L12 NTD . (B) Ribbon plots of tmaL10 (left) and hmaL10E (right) NTDs in a similar orientation. The proteins are colored blue to red from N to C terminus. Secondary-structure elements are labeled. All structure figures were prepared with PyMol (http://pymol.sourceforge.net/). 1S72), we were able to trace the complete NTD of region 1 in Figure 4A ) are sandwiched between the N-terminal part of helix α3 (R63-T65; R69) and the N hmaL10E on the 50S subunit (Supplemental Experimental Procedures; Figure S4 ). The hmaL10E NTD terminus/helix α1 region (T9, I12, P13, K16; Figure 4C ), in excellent agreement with the protection pattern of model encompasses two helices (α1 and α3), which could be built previously (chain G in PDB entry 1S72).
L10 on isolated 23S rRNA (Rosendahl and Douthwaite, 1993) . The β2-α3 loop (R63, N64) engages in contacts Despite the lack of significant overall sequence identity ( Figure 1A) , the fold of the hmaL10E NTD is very similar with the upper stem of H42 (nucleotides G1210 and G1211; Figure 4C ; region 4 in Figure 4A ). The C termito the NTD of tmaL10 (Cα rmsd 2.0 Å; Figure 1B Figure S6 ) that was structures of the L10/L11 binding region of 23S rRNAs from Haloarcula and Thermotoga are highly conserved seen in the crystal structures ( Figure 2C ). The virtual axis between the pivot point and the C terminus of helix ( Figure S5 ) and the protection pattern of bacterial L10 matches the contact sites seen for archaeal L10E, bac-α8 of L10 in the fitted structure is rotated by w25°com-pared to an equivalent axis in crystal structure II (Table  terial L10 Figure 6D) . However, the detailed analysis of the segment is composed of L10 helix α8 in complex with concentration dependence of GTP hydrolysis with ribothe L12 NTD dimers. The L10 helix α8-L12 NTD part is flexisomes containing L12(R73M) ( Figure 6E ) suggested bly attached to the stalk base, as seen in the three difthat the decreased rate of GTP hydrolysis is solely due ferent crystal structures of tmaL10-(L12 NTD ) 6 and in the to the 10-fold slower binding of the factor, as no signifi-EM analysis. It can therefore be regarded as a movecant effect on the rate constant of GTP hydrolysis was able platform that carries the L12 hinges and CTDs. The found. Two other mutations in the CTD, K70A and third segment consists of the L12 CTDs, which are at-K84A, showed the same effects, i.e., slower binding tached to the L10 helix α8-L12 NTD platform through the and no effect on GTP hydrolysis itself (data not shown). an increase of the encounter frequency of the ternary complex or EF-G due to multiple copies of L12, leading We can envisage two possibilities by which stabilization of the L10 helix α8-L12 NTD part in certain functional to a higher association rate by introducing a favorable statistical factor (Rodnina et al., 1996) . This suggestion states can be achieved. First, upon binding of factors and GTP hydrolysis, the L11 NTD may move out indeis supported by the structural model of the stalk ( Figure  7 ): the L12 CTDs can reach far out into solution to pendently of the remainder of the stalk base due to direct contacts to the factor, as suggested for EF-G by "catch" translation factors and "hand them over" to the ribosomal factor binding site, thus efficiently restricting cryo-EM (Agrawal et al., 2001) . L11, the CTD of which 
L12 hinge regions. Most likely, the L12 hinges predomiLikewise, mutations of these conserved residues in the nantly adopt random-coil structures as in isolated L12 CTD did not affect GTP hydrolysis by EF-G (data not
(
Mechanism of GTPase Stimulation Crystallographic Analyses
The L12 CTDs are responsible for an about 1000-fold Native and selenomethionine-derivatized tmaL10-L12 NTD complexes yielded two orthorhombic crystal forms and one monoclinic stimulation of GTP hydrolysis by EF-Tu and EF-G. crystal form (Table S1) 
